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Tartrazine, IUPAC name: Trisodium (4E)-5-0x0-1-(4-sulfonatophenyl)-4-[(4-sulfonatophenyl)
hydrazono]-3-pyrazolecarboxylate, effect on the corrosion rate of 304L stainless steel used as canned
food packaging has been studied by estimating the inhibitory properties of the organic film formed on
the alloy surface during the electrochemical measurements performed in saline solution containing 0.9
% NaCl, without and with tartrazine inhibitor. AFM technique revealed the main surface changes of
steel corroded in saline blank solution as well as in saline solution containing tartrazine food additive
compared to standard stainless steel sample. A level of 92.8 % inhibition efficiency (IE) was reached
for tartrazine inhibitor on 304L stainless steel corrosion in saline environment that involves a high
degree of surface coverage at studied concentrations. Temkin adsorption model fitted well the
experimental data, obtaining for the standard adsorption free energy (AG°gs) the value of -37.62 kJ
mol™. Consequently gradual transition from physical adsorption to chemisorption takes place, and
finally the moderate chemical adsorption prevails. The AFM parameters like: the values of the average
roughness (R,), RMS roughness (Rq) and maximum peak-to-valley height (Rp.,) showed that a
smoother surface of 304L stainless steel was obtained in the tartrazine presence compared to that was
observed in its absence, suggesting that the inhibitor film was formed on the alloy surface.

Keywords: Tartrazine; Inhibitory Coating; 304L Stainless Steel; Electrochemical Measurements;
AFM.

1. INTRODUCTION

The development of certain systems for corrosion protection of the surface of materials in
various environments has been a primordial objective for many investigations, which were aimed at
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avoiding of irreversible damage to the metals and alloys. Due to the oxidation process, the metal
surface may be affected in whole or in part, by the occurrence of local corrosion spots or areas where
the pitting corrosion may be identified, and consequently certain properties of the material are
modified. However, the corrosion products infest the environment emphasizing its pollution. Carbon
steel and stainless steel are used the commonly in the manufacture of industrial equipments, such as
pumps, blades for turbines, condensers etc. Moreover, 304L stainless steel is also used in the
manufacture of food packaging for storage of food, such as canned. In this case, 304L stainless steel
may be exposed to a systematic deterioration over time due to the characteristic action of salty
environments, which can be accentuated and or contrary diminished by the presence of food additives.
Many food additives can supplement the corrosion inhibitors through their ability to form coatings on
the metal surface to inhibit subsequent oxidation processes. The inhibitors based on food additives can
be used both for permanent protection and for temporary protection that involves the food storage
timeshare.

Accordingly, many chemical compounds used as food additives have been investigated as
corrosion inhibitors for different substrates in environment containing chloride ions. The acetic and
benzoic acids are the most commonly acidity regulators. The corrosion behaviour of mild steel in
aqueous acetic acid solution has been investigated by weight loss and electrochemical techniques [1,
2]. Also, it has been demonstrated that benzoic acid acts as corrosion inhibitor for iron and aluminium
in 0.1 mol-L™ NaCl solution [3].

Another category of food additives used in food industry is represented by anti-caking agents.
The part of them used as corrosion inhibitors are carbonates [4], silicates [5, 6], stearic acid [7] and
ferrocyanide [8] indicating good anti-corrosion properties for mild steel, stainless steel, iron and
aluminium alloy in alkaline and acidic media in the presence of chloride ions. The inhibitive properties
of food additives, as the antioxidants have been investigated, eg. vitamin C [9-13], vitamin B12 [14],
vitamin E [15]. Vitamin C has been proved as an excellent inhibitor for the steel and copper corrosion
in acid or alkaline media in the presence of chloride ions. The effect of vitamin B12 on mild steel
corrosion in 0.5 mol L™ H,S0, has been studied by weight loss, potentiodynamic polarization and EIS
measurements.

The p-carotene [16, 17] and uric acid [18] were also tested as corrosion inhibitors. Vitamin E
and beta-carotene were investigated as green inhibitors for mild steel, copper, Cu-Zn and Cu-Al-Ni
alloys in seawater, acid rain, sulfide and chloride solutions.

Bio-corrosion can develop simultaneously with the corrosion process due to the uncontrolled
occurrence of the micro-organisms on some substrates that come into contact with different
environments. Thus, a synergic effect of the two processes produces irreversible deterioration of the
surfaces of materials with detrimental effects to the technical operation of industrial plants followed by
economic damage. The attenuation of both processes can be simultaneously performed using certain
substances that inhibit oxidation and the development of micro-organisms such as: moulds and
bacteria. In this regard, the potassium sorbate was reported as an effective inhibitor for copper
corrosion in aerated sulfate and chloride aqueous solutions [19]; sodium benzoate, potassium sorbate,
sodium lauril-sulfate and p-aminobenzoate acid were investigated to reduce tinplate corrosion rate
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[20]; an inhibition efficiency of 84 % was reported for steel corrosion in simulated carbonated solution
containing chloride anions [21].

The determination of mild steel corrosion rate based on gravimetric, electrochemical and
quantum chemical studies in hydrochloric acid solution, in the presence of food coloring additives
have theoretical and practical importance. High inhibition efficiency was reported for Sunset Yellow,
Amaranth, Allura Red, Tartrazine, Fast Green, Azorubine and Indigo Carmine food colorants [22-24].

Survey literature shows that food additives such as flavors are also efficient corrosion inhibitors
for steel in aggressive media. Benzaldehyde (almond taste) and its derivatives [25], cinnamaldehyde
(cinnamon taste) [26], limonene (orange taste) [27], ginger [28], eugenol [29], vanillin [30] were tested
in the corrosion protection field.

The inhibition efficiency of sweeteners food additives such us; sodium saccharin [31], natural
honey [32] and naturally occurring polysaccharides [33] have been reported to be very efficient
corrosion inhibitors for steels in aggressive media.

The aim of the present study is to investigate the inhibitive properties of the tartrazine (FATTZ)
known as E102 food coloring additive on the corrosion of 304L stainless steel in 0.9 % NaCl aqueous
solution that generally is the saline environment of the canned food. The influence of inhibitor
molecules on the electrode/electrolyte film formation was studied by potentiodynamic polarization
followed by general corrosion test associated with Atomic Force Microscopy (AFM) technique to
explore the surface morphology.

2. MATERIALS AND METHODS

2.1. Materials

The alloy of FeNi18Cr10 with the composition (wt %): C-0.03 %; Ni-18 %; Cr-10 %; Mn-2.0
%:; Fe balance was used to cut the sheets with the area of 1.0 cm? These were subject to corrosion at
room temperature and static regime, in saline solutions consisting in: 0.9 % NaCl blank solution and
0.9 % NaCl solution containing various concentrations of tartrazine: 0.2 mmol L™; 0.3 mmol L™; 0.4
mmol L*; 0.5 mmol L™. Bidistilled water was used for preparation of all solutions. All materials were
purchased via a local supplier (Merk / Fluka / Sigma-Aldrich).

2.2. Electrochemical measurements

Electrochemical measurements were carried out at room temperature, in aerated and unstirred
0.9 % NacCl blank solution and 0.9 % NaCl solution containing various concentrations of FATTZ: 0.2
mmol L™ 0.3 mmol L; 0.4 mmol L™; 0.5 mmol L™

The electrochemical measurements implying the poteniodynamic polarization and the general
corrosion tests of 304L stainless steel in uninhibited and inhibited with FATTZ of sodium chloride
solutions were accomplished with a VoltaLab 40 electrochemical workstation, with VoltaMaster 4
software. A standard electrochemical cell was used having three electrodes coupled to electrochemical
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workstation, VoltaLab, as follows: working electrode (304L stainless steel plates with area of 1.0 cm?);
counter electrode (platinum foil with area of 1.0 cm?); Ag/AgCl, as reference electrode.

Before the potentiodynamic polarization, the steel plates used as working electrode were
mechanically abraded with emery paper of different sizes, then ultrasonically degreased with ethanol,
dried and kept under vacuum, at room temperature.

The polarization curves were recorded with the potential scan rate of 1.0 mV s*, after
immersion time of electrodes in corrosive media of 4.0 min., it representing the potential stabilization
time of the electrodes at open circuit. These were processed as Tafel semilogarithmic plots, in potential
range of £ 250 mV reporting to the corrosion potential (Ecorr), as well as Stern lines in potential domain
close to Ecor (£ 20 mV).

The general corrosion tests were performed after potentiodynamic polarization by recording the
polarization resistance (R,) values at every 72 s, time of 600 s, monitoring the changes that may occur
at the metal/electrolyte interface, in the absence and in the presence FATTZ inhibitor. The polarization
resistance (R,) values were calculated using the “General Corrosion” option of VoltaMaster 4
software, which records step by step from 72 to 72 seconds, the polarization curves in the potential
range close to corrosion potential. Thus, temporally computing of Rp values are done by the Stern
processing of the polarization curves.

2.3. Atomic Force Microscopy (AFM) measurements

Surface morphologies of the samples were observed by non-contact mode atomic force
microscopy (NC-AFM, PARK XE-100 SPM system). The cantilever had a nominal length of 125 mm,
a nominal force constant of 40 N/m, and oscillation frequencies in the range of 275-373 kHz. We used
horizontal line by line flattening as planarization method. Average roughness (R;), root-mean-square
(RMS) roughness (Rq) and maximum peak to valley height (Rp.y) of the surfaces were estimated over
the areas of 45x45 pm?.

3. RESULTS AND DISCUSSION
3.1. Potentiodynamic polarization

3.1.1. Tafel processing

The potentiodynamic curves were recorded for 304L stainless steel, between -1000 mV and
100 mV, in saline solution without and with different concentations of FATTZ. After their processing
as Tafel diagram in the potential range of + 250 mV on both sides of corrosion potential (Ecor), the
graph from Figure 1 was obtained. This shows that the addition of FATTZ leads to the slightly
displacement of E. to higher values and in the same time, in lower current area, the curves were
significantly moved. Consequently, FATTZ changes the characteristics of curves, acting prevalent on
anodic process, the cathodic reaction being influenced up to -500 mV, when its rate was diminished.
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At potential values under -500 mV, the cathodic process is less diminished, the curves being
very close to that obtained in the blank solution. As shown Fig. 1, the values of FATTZ concentrations
used for the inhibitor testing not significantly affect the anodic and the cathodic processes, the
polarization curves are easily displaced relative to one another; the corrosion current density (icor) IS
not considerable modified with increase of FATTZ concentration (Table 1) and, as consequence the
inhibition efficiency has about the same value, around 90.0 % (Table 1).
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Figure 1. The potentiodynamic curves processed as Tafel diagram for 304L stainless steel corroded in
0.9 % NacCl solution, without and with FATTZ, at room temperature, after pre-polarizing time
of electrodes at open circuit of 4.0 minutes

Thus, in the FATTZ concentration range of 0.2 - 0.5 mmol L™, the inhibition process of 304L
stainless steel corrosion is significant, the FATTZ performance being very good considering its
inhibition efficiency (IE), calculated with Expression 1 [22, 34-36], between 83.7-91.5 %, but it is less
concentration-dependent.

-0 -
! ICOI’I’

IE = % X 100 (1)
ICOI’I’

where: i°orr and icor represent: the corrosion current density determined for 304L stainless steel
corosion in 0.9 % NaCl blank solution and in 0.9 % NaCl solution containing various concentrations of
tartrazine, respectively.

The values of Tafel slopes (Table 1) represent another indication of those previous notified,
meaning that in the presence of the inhibitor, these have similar values, but different from those
obtained in its absence (Table 1). All discussions lead to the conclusion that, the inhibition of 304L
stainless steel corrosion in 0.9 % NaCl solution takes place because of metallic surface modification in
the presence of tartrazine, that was adsorbed on the active sites forming an organic layer that enhances
the inhibition process [37, 38], with the increase in FATTZ concentration. The electrochemical

parameters listed in Table 1 were determined with VVoltaMaster 4 software.
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Table 1. Electrochemical parameteres and inhibition efficiency (IE %) obtained for 304L stainless
steel corroded in 0.9 % NaCl solution, in the absence and in the presence of FATTZ inhibitor,
under given laboratory conditions

IE (%
C-FATTZI RV )bl | bd | cpad | Ry (%)
mmol L Ag/AGC] LA cm™ | mV dec™ | mV dec Q- cm Qcm Tafel | Stern
0 -476.5 31.7 159.6 -350.6 1.2813 780.4 - -
0.2 -442.0 5.2 128.7 -217.2 0.1016 | 98425 | 83.7 | 92.1
0.3 -433.0 4.1 116.3 -214.4 0.1007 | 9930.4 | 87.1 | 92.1
0.4 -428.5 3.1 105.6 -207.9 0.0958 | 10438.4 | 90.2 | 925
0.5 -424.0 2.7 121.4 -210.7 0.0923 | 10834.2 | 915 | 92.8

3.1.2. Stern processing

Figure 2 illustrates the potentiodynamic curves processed as Stern diagram, in potential range
near Ecorr, apllying £ 20 mV on anodic and cathodic scans, respectively.

10 q 1.y =1.2813x +611.34
g 1 R? = 0.995
2.y =0.1016x + 44.892
61 R? = 0.9952
4] 2
3.y =0.1007x + 43.321
- 2 R’ =0.9916
5
< O '
3
= 5o -420 -400
E(mV vs. Ag/AgCl)
-4 A
A NaCl blank
6 4.y =00958x +40.31 , 05 MEFATTZ
’ .
5 R"=0.9885 ° 0.3 MMFATTZ
5.y =0.0923x + 39.344 x 0.4 MM EATTZ
10 A R®=0.9833 * 0.5 MM FATTZ

Figure 2. The potentiodynamic curves recorded close to corrosion potential in the range of £ 20 mV
for 304L stainless steel corroded in 0.9 % NaCl solution, without and with FATTZ, at room
temperature, after pre-polarizing time of electrodes at open circuit of 4.0 minutes

The polarization resistance was calculated with Relation 2 [39, 40], where polarization
conductance (Cp) was determined from the slope of lines presented in Figure 2, as it has been reported
in other studies, these are equl with (di/dE)e_.rcorr [35, 39, 40]. Based on polarization rezistance (Rp),
the inhibition efficiency (IE) was calculated with the relation 3 [34-36, 39].
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Co= 1R, )

R —R°

P p
IE = —R x 100 3)

p

where: R% is the polarization resistance obtained for 304L stainless steel in 0.9 % NaCl blank
solution and R, is the polarization resistance obtained for steel corrosion in 0.9 % NaCl solution
containing investigated concentrations of FATTZ.

The data are centralized in Table 1 indicating the decrease of C,, while the R, and IE increse
proportionally with the FATTZ concentration, the value of IE being about the same for all
concentrations. Some previous studies have reported the tartrazine as corrosion inhibitor for zinc metal
in 0.5 N H,S0, solution [41] with a high efficiency around 85.0 % at 30 mmol L™ of tartrazine
concentration [41]. For the inhibition of mild steel corrosion in 0.5 mol L™ HCI solution containing K,
the efficiency of tartrazine at 150 ppm concentration, was found about of 83.0 % [22].

As shown in Table 1 and Figure 2, the significant increase of R, in the presence of FATTZ
suggests a fundamental change of the composition of the metal surface due to the inhibitor adsorption
with the development a film that blocks the corrosion process whose intensity is even lower with as the
FATTZ concentration is higher, in saline solution. This behaviour was found for other food additives,
e.g. vanillin. Its performance as corrosion inhibitor for aluminium, Al-Mg-Si alloy, stainless steel and
carbon steel, in different media, was repoted in early investigations [30, 42-44].

As support for those stated, R, was monitored over time for corroded 304L stainless steel in
saline solution with and without inhibitor. A specific chart was recorded (Figure 3), which shows a
sinusoidal variation of R, in the absence of inhibitor and almost a constant value in its presence,
especially at high concentrations, indicating a good stability of the FATTZ film adsorbed on surface
[37, 45].
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Figure 3. Variation of R, over time monitored after potentiodynamic polarization of 304L stainless
steel in saline solution; near each line drawn for inhibitor concentration, the R, values at final
moment are written
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The same trend of R, is observed, meaning that this increases with FATTZ concentration in the
saline solution and at monitoring endpoint, values are slightly lower than those obtained from Stern
chart (Table 1). This can be interpreted in terms of maintaining of inhibitor film stability, by its
binding relatively strong to metal surface; thus, the tartrazine has blocked the active sites and/or this
has participated to formation of complexes that improve the performance of protective coating from
the steel surface [22].

3.2. Adsorption model approach

For the tested concentrations, it is difficult to simulate a model of FATTZ adsorption on the
304L stainless steel surface, because the values of inhibition efficiency (IE) exceed 80 %, that involves
a surface coverage degree (), calculated as IE/100 [37, 39], higher than 0.8, when an isothermal
approach is not indicated, in this case the linearization being uncertain.

Thus, the graph representing variation of surface coverage degree (¢) in function of inhibitor
concentration (C-FATTZ) shows that by fitting the experimental data, a logarithmic dependence was
obtained (Figure 4a).

By use the equation inserted in Fig. 4a, it was determined the functional coverage degree of
surface (6) that coresponds to following functional concentrations (Cs): 0.01 mmol L™; 0.02 mmol L
0.03 mmol L™; 0.04 mmol L™*; 0.06 mmol L™; 0.08 mmol L™,

Moreover, the 6; dependence of InC; is represented by a straight line that is shown in Figure 4b,
it being characterized by the inserted equation. Thus, it was revealed the linearized form of Temkin
adsorption isotherm expressed by the relation 4 [37, 39]:

1 1
f f
- 4 b
0.92 a /. 0.8 -2.5:0.757
%) P > y =0.0872x + 0.975
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Figure 4. The molecular structure of tartrazine and the variation of surface coverage degree with the
inhibitor concentration: a - fitting of the experimental data obtained under laboratory
conditions; b - Temkin adsorption model for FATTZ inhibitor of 304L stainless steel corroded
in 0.9 % NacCl solution
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As shown in Figure 4b, 1/f represents the line slope being equal with 0.0872, where f is
associated with the number of active sites occupied by one inhibitor molecule [37, 39] reaching the
value of 11.46. The intersection with the ordinate is represented by the expression [(1/f)-In K], its value
expressed in inserted equation from Fig. 4b is 0.975. This permits to calculate the adsorption-
desorption equilibrium constant (K). Thus, for InK was obtained the value of 11.1735 that was used to
determine the standard adsorption free energy (AG%gs) by applying the relation 5 [34, 36, 39, 45-52].

AG%qs=R-T [In (1/55.5) — InK] (5)

where: K represents the adsorption-desorption equilibrium constant; R is the universal constant
of gases (8.31 J mol* K™), T is the temperature (298 K) and 55.5 is the value of the molar
concentration of water in the solution.

The value obtained for AG%g was negative (-37.62 kJ mol™), indicating a spontaneous
adsorption process [37-41], mixed mechanism between physisorption and chemisorption being most
likely and/or gradual transition from physical adsorption to chemical adsorption [38], that becomes
predominant taking into account that AG°gs value is very close to -40.0 kJ mol™ that represents the
limit between physisorption and chemisorption [37, 39, 40, 45].

By analyzing of the tartrazine molecular structure (Fig. 4a), it can be seen that the inhibitor can
bind to the steel surface by the lone pairs of electrons from nitrogen atoms of azo-group and the
pyrazole cycle forming the coordinative bonds with metal cations from the electrical double layer.
Compact arrangement of tartrazine molecule based on the optimized molecular formula observed in
Fig. 4b allows the formation of uniform-distributed film with the metal-organic structure coherently-
organized on the surface.

3.3. AFM observation

The effect of the inhibitor on the surface changes of 304L stainless steel corroded in 0.9 %
NaCl solution may be discussed according to Atomic Force Microscopy (AFM), this being a technique
which allows to study the surfaces at nano-level [53]. Also, by AFM the three-dimensional images can
be obtained, which highlight the change in surface topography for the uncorroded and corroded
samples in aggressive media in the absence and in the presence of the inhibitors [53].

The surface of the samples of 304L stainless steel before and after electrochemical
measurements was analyzed by AFM; two-dimensional AFM images displaying the longitudinal-
section and the three-dimensional images are illustrated in Figs. 5 and 6. Fig. 5 (a-c) present the 2D
AFM images showing the longitudinal-section corresponding to uncorroded sample and corroded
samples in 0.9 % NaCl solution without and with FATTZ. By AFM technique the roughness
parameters were calculated and the corrosion process discussion was reported to their values. Average
roughness (R,), root-mean-square (RMS) roughness (Rq) and maximum peak to valley height (Rp.)
were commented in many studies which involve the corrosion inhibition process [53-56].

The values of the average roughness (R,), RMS roughness (Rq) and maximum peak-to-valley
height (Rp.v) for the 304L stainless steel surface before and after electrochemical measurements are
listed in Table 2.



Int. J. Electrochem. Sci., Vol. 12, 2017 2097

Line Profile: Red - 168

10 20 30 40
um

250 |

-04

-08

Histogram

200 pxiidiv

Line Profile: Red - 210

. 200
" E 0 : .
£
1 200 1 A - d
-400 -
10 20 30 40
pm

-600

400 paidiv & o
Ll

400

&
3
2

Figura 5. 2D AFM images and AFM logitudinal-sectional images of the 304L stainless steel surface:
a - before corrosion (control sample); b - after corrosion in 0.9 % NaCl blank solution;
c - after corrosion in 0.9 % NaCl solution containing 0.5 mmol L™* FATTZ

As it is apparent from Table 2, R, Ry and R,y follow the same trend for both lines red and
green, meaning that these had the lowest values for the control sample, and the highest values were
reached for the sample surface corroded in saline solution without inhibitor. The AFM results indicate
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that the surface of 304L stainless steel corroded in 0.9 % NaCl solution without inhibitor is rougher,
the surface roughness being due to the corrosion process [53-56].

Addition of FATTZ in saline solution leads to the change of steel surface AFM parameters.
The values of R,, Rq and R,y are significantly lower compared to those obtained for the steel surface
corroded in uninhibited saline solution (Table 2). This decrease shows that the smoother surface [53]
was obtained for the 304L stainless steel corroded in saline inhibited solution, suggesting that the
protective film was formed by the tartrazine adsorption on the alloy surface [53, 56].

Table 2. AFM results obtained for 304L stainless corroded in saline blank solution and in saline blank
solution containing 0.5 mmol L™ FATTZ

Sample R/ Nm Ra/ nm Rp/ nm
SS controf sample |_R€Aline | 113.2 89.9 609.8
P "Greentline | 963 735 538.5
Red line | 347 294 1541
SS/NaCl Green line | 366 282 1645
Red line 167 115 993
SSINaCI/FATTZ == e Tine [ 153 111 734

The 3D AFM images are displayed in Fig. 6 (a-c).

041

aQ

Figura 6. 3D AFM images of the 304L stainless steel surface: a - before corrosion (control sample); b
- after corrosion in 0.9 % NaCl blank solution; ¢ - after corrosion in 0.9 % NaCl solution
containing 0.5 mmol L™ FATTZ.
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The Fig. 6a shows the surface of control sample is apparently uniform, the characteristics of
smooth surface can be seen. The steel surface corroded in saline uninhibited solution (Fig. 6b) is
uneven and covered with cone-like shapes of icicles formed from the salt crystals which randomly
grew on the steel surface during corrosion process.

The corrosion pattern of the steel surface corroded in saline inhibited solution (Fig. 6c) is
almost similar to that of uncorroded steel (Fig. 6a). It can be due to the inhibitor film formation
through FATTZ adsorption. The difference consists in occurence of cone-like shapes of icicles on the

surface, but these are smaller compared to those were observe in Fig. 6b.
Thus, it can be interpreted that the organic film formed by tartrazine adsorption on steel surface
is doped with NaCl molecules and/or with Na* and CI ions.

4. CONCLUSIONS

The electrochemical measurements were performed in order to determine the effect of
tartrazine food additive on corrosion rate of 304L stainless steel in saline water containing 0.9 % NaCl,
showing that, the corrosion current density sharply decreased starting with 0.2 mmol L™ FATTZ and
inhibition efficiency reached a high value about of 90.0 % in concentration range of 0.2-0.5 mmol L™.

Temkin adsorption isotherm was applied and the value of -37.62 kJ mol™ for standard
adsorption free energy (AG°gs) was calculated, that suggests a mixed adsorption mechanism between
physisorption and chemisorption for tartrazine on 304L stainless steel surface.

The AFM parameters such as: the values of the average roughness (Ra), RMS roughness (Rq)
and maximum peak-to-valley height (R,.,) for the 304L stainless steel surface before and after
electrochemical measurements indicated a different topography of alloy surfaces. The organic film
formed by adsorption of tartrazine molecules on alloy surface was highlighted, in addition the
protective coating has the insertions of NaCl molecules and/or Na* and CI” ions.
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